Abstract: 4-dimethylammino-cinnamaldehyde (DMAC) assays quantify total proanthocyanidins (PACs) but do not provide qualitative PAC molecular weight distribution information and cannot discriminate between A-and B-type PACs. We developed an efficient method for assessing PAC molecular weight distributions. The PACs from three commercial cranberry extracts (A1-A3) were fractionated by molecular sieves with cut-offs of 3, 10, 30, 50, and 100 kDa, and each fraction was analyzed by DMAC assays. A1, A2, and A3 contained 27%, 33%, and 15% PACs, respectively. Approximately 28 PACs, 20 flavonols, and 15 phenolic acids were identified by UHPLC-DAD-Orbitrap MS in A1 and A3, while A2 contained only flavan-3-ols. Epicatechin was the main monomer in A1 and A3, and catechin was the main in A2. Procyanidin A2 was the main dimer in A1 and A3, representing more than 85% of the total dimers, while it constituted approximately only 24% of A2. A1 and A3 contained quercetin, isorhamnetin, myricetin, and their glycosides, which were totally absent in A2. In A1 and A3 the PACs were mainly distributed in the fractions 30-3 and <3 kDa, while in A2 more than 70% were present in the fraction less than 3 kDa. Overall, obtained data strongly suggests that A2 is not cranberry-derived, or is adulterated with another source of PACs.
Introduction
Cranberry, Vaccinium macrocarpon, has various biological benefits for human health including the prevention of microbial adhesion in urinary tract infections (UTIs) [1] , reduction in biofilm formation [2] , antioxidant action [3] , cholesterol reduction [4] , and anticancer effects [5] . In particular, UTIs are very common and are responsible for approximately 10 million doctor visits annually in the USA [6] , and it has been estimated that about 30% of women diagnosed with a UTI will suffer a recurrence within six months [7] .
Several mechanisms have been proposed for the actions of cranberry in the prevention of UTIs, with attention especially on its interference with bacterial adhesion in the urinary tract [1] .
Cranberry has a complex phytochemical composition including mainly flavon-3-ols, anthocyanins, aromatic acid, and monomeric flavan-3-ols together with oligomeric and polymeric proanthocyanidins (PACs), respectively [8] . Flavanones and stilbenes has been found in cranberries in lower amounts [9] .
Cranberry flavon-3-ols occur mainly as glycosylated forms of quercetin, myricetin, and kaempferol, respectively [10] , and their total amount in the fruit is in the range of 0.3-0.5 mg/kg [11] .
To get qualitative information, PACs have been analyzed by MALDI-TOF [16, 24] or liquid chromatography coupled to low- [25] [26] [27] [28] or high-resolution mass spectrometers [29] [30] [31] . These techniques allow the determination of both the low molecular weight PACs (DP < 10) and the distinction between type A and B. All too often, though, the PACs must be isolated from the matrix before analysis, and this requires lengthy and time-consuming methods such as those that need open-column chromatography [32, 33] .
The purpose of our study was to develop a simple method for fractioning PACs from cranberry extracts. Thus, the PACs of three different commercial extracts were split by ultra-centrifugal filter with cut-offs of 3, 10, 30, 50, and 100 kDa, and each fraction was analyzed by the DMAC assay to assess total PACs. Finally, the fractions lower than 3 KDa were also analyzed by UHPLC-DAD-Orbitrap MS to determine monomers and oligomers.
Results

Total Amount of PACs in Commercial Extracts
The use of procyanidin A2 as a standard for the DMAC assay has been shown to underestimate total PACs content compared to cranberry-derived PACs. Nevertheless, in this study the evaluation of total PACs was carried out using PA2 for both because it is normally used in quality control laboratories.
The cranberry extracts were entirely soluble in the extraction solution. The total amounts of PACs in A1, A2, and A3, as determined by the DMAC assay, were 27.1 ± 1.1, 33.1 ± 2.1, and 14.7 ± 1.0% (Table 1) , respectively. The repeatability and inter-day precision were in the range of 3.9-6.3% and 4.3-7.3%, respectively. These results are in good agreement with those reported by Prior et al. [34] . 
PACs Determination by UPLC-DAD-Orbitrap MS
Low molecular weight flavan-3-ols in the cranberry extracts have been characterized by reversed phase UHPLC coupled to DAD and Fourier transform mass spectrometers operating in the negative mode. High mass resolution (50 K) and high mass accuracy (2 ppm) allow the empirical formula of deprotonated and fragmented ions to be obtained. These features, together with enhanced efficiency of the UHPLC technique, made the system we used a powerful tool for the identification of unknown analytes in the cranberry extract. Untargeted analysis, however, cannot be done based only on elemental composition data. Additional information is required, such as UV spectra and fragmentation patterns with CIDs of the parent ions. An example of the UHPLC-HR MS profiles of sample A1, A2, and A3, extracted in the range of 100-2000 u, is shown in Figure 1 . Table 2 reports the on-line UV spectra, deprotonated ion, and fragments of the main compounds such as flavan-3-ols and flavon-3-ols detected in cranberry extracts. elemental composition data. Additional information is required, such as UV spectra and fragmentation patterns with CIDs of the parent ions. An example of the UHPLC-HR MS profiles of sample A1, A2, and A3, extracted in the range of 100-2000 u, is shown in Figure 1 . Table 2 reports the on-line UV spectra, deprotonated ion, and fragments of the main compounds such as flavan-3-ols and flavon-3-ols detected in cranberry extracts. Table  2 for peak identifications.
The main monomers found in all the extracts were EC and CAT. Epicatechin was the main monomer in A1 and A3, representing more than 90% of the total monomers (Table 1) . However, CAT was the main monomer in A2, and it accounted for more than 80% of the total monomers. These data are in agreement with some authors', which reported that in cranberry, epicatechin was more abundant than catechin [28] . Regarding dimers, the A-types were the main dimers in all of the extracts, representing approximately more than 80% of the total dimers in A1 and A2 and 60% in A3 (Table 1) . Procyanidin A2 was the main dimer in A1 and A3, representing more than 75% and 60% of the total dimers, respectively. Regarding A2, PA2 was not the main dimer; it constituted approximately 5% of the total dimers. The main dimer in A2 was the peak 63 ( Figure 1 ), retention time (RT) 13.5 min, which constituted approximately 55% of the total dimers. AB-types were the main trimers in A1, A2, and A3 and represented approximately 72%, 90%, and 76% of the total trimers, respectively. AA-types were not found in A3, while in A1 and A2 they represented approximately 7% of the total trimers. Proanthocyanidin C1 was the main BB-type trimer in A1 and A3, representing approximately 60% of the total BB-types. On the contrary, PC1 was not detected in the extract A2. The main BB-type trimer in A2 was the peak 52, RT 5 min (Figure 1 ), which constituted approximately 57% of the trimers BB-type.
Catechin and EC showed the same fragmentation pattern, and the most abundant ion had an m/z of 123.0454 u, corresponding to a 3,4-dihydroxy-toluene moiety (B-ring). Dimers of A-and B-type gave a different fragmentation pattern, and the main ions had m/z of 285.0410 (C15H9O6) and 289.0732 u, respectively. Besides the deprotonated ions, the MS spectra of the A-and B-type dimers showed the presence of the dimer [2M-H] -. Adducts with formic acid or doubly charged ions were not detected. Table 2 for peak identifications.
Catechin and EC showed the same fragmentation pattern, and the most abundant ion had an m/z of 123.0454 u, corresponding to a 3,4-dihydroxy-toluene moiety (B-ring). Dimers of A-and B-type gave a different fragmentation pattern, and the main ions had m/z of 285.0410 (C 15 H 9 O 6 ) and 289.0732 u, respectively. Besides the deprotonated ions, the MS spectra of the A-and B-type dimers showed the presence of the dimer [2M-H] -. Adducts with formic acid or doubly charged ions were not detected.
Four main trimers, with an m/z of 863.1830 u, containing one A-type bond, were present in the extract A1 and A2. Three of them had a common fragmentation pattern, and the main ions had m/z of 575.1220, 693.1280, 449.0900, 285.0419, and 711.1388 u. The other AB-trimer, RT 11.9 min, produced mainly ions with m/z of 411.0726 and 289.0721 u. Ions with m/z of 1727.3725 and 1731.4040 u, which corresponded to the dimer [2M − H] -, were present in much lower quantities. Adducts or doubly charged ions were not detected. Two main BB-type trimers, with m/z of 865.1990 u, were present in the extracts A1 and A3, and one of them was PC1, RT 12.1 min. The other trimer had lower retention time, 10 min, indicating that one of the monomers or both could be catechin. These trimers shared the fragment with m/z of 407.0791, 287.0574, 577.1368, and 125.0247 u. In addition, the trimer with RT 10 min also showed a fragment with m/z of 160.0169 u, which matched the formula C 9 H 4 O 4 . The MS spectra of a compound with DP > 3 showed the presence of doubly charged ions [M − 2H] 2-. In particular, for the ABB-type tetramer detected in the extract A2, Peak 57 (Figure 1 ), the doubly charged ions were the most abundant species.
Signals attributable to glycosylated-flavonols and their aglycones were almost exclusively detected at 354 and 370 nm, respectively. Thus, twenty peaks have been tentatively identified, most of which were glycosylated forms of quercetin and myricetin, present with the corresponding aglycones. Minor signals were assigned to glycosides of isorhamnetin and methyl-myricetin.
Regarding the non-flavanol fraction, the A1 and A3 samples differed significantly from A2. Indeed, A1 and A3 contained phenolic acid and flavonol derivatives, which were totally absent in A2. In particular, they contained glycosylated forms of quercetin, isorhamnetin, and myricetin. Quercetin was the main aglycone, while the major glycosides were quercetin-3-O-and myricetin-3-O-glucoside. The identities of these compounds was then confirmed by an authentic standard. These data were in agreement with those reported by different authors [35] .
Identification of some phenolic acids by MS could be difficult due to the presence of the isobaric moieties glucose (C 6 H 12 O 6 ) and caffeic acid (C 9 H 8 O 4 ), which both present an m/z ratio of 179 u. Differing by 118 ppm, they are indistinguishable with a low resolution mass spectrometer but can be easily resolved by the high resolution MS used in this study. Thus, several phenolic acids have been detected and identified (Table 2) , and the main ones were glycosides of caffeic and p-coumaric acid. Moreover, glycosylated forms of benzoic, vanillic, sinapic, 4-hydroxy-benzoic, and 3,4-dihydroxy-benzoic acid were found in lower amounts. 
Proanthocyanidin Fractioning by Molecular Sieve
Regarding the reaction of the DMAC with flavanols, several authors report that the maximum absorption at 640 nm occurs after about 20 min [34] , while others report shorter times, about 12 min [36] . Accordingly, even considering that fractions with different molecular weights could react with DMAC faster or slower, the reaction of the flavan-3-ols with DMAC was monitored every minute for 60 min to evaluate maximum absorption.
The reaction stabilizes to a plateau in the ranges of 18-25, 15-20, and 20-30 min for A1, A2, and A3, respectively. Figure 2 shows the kinetics obtained by reacting the permeates (obtained by fractionating A3 using molecular sieves) with DMAC. 
The reaction stabilizes to a plateau in the ranges of 18-25, 15-20, and 20-30 min for A1, A2, and A3, respectively. Figure 2 shows the kinetics obtained by reacting the permeates (obtained by fractionating A3 using molecular sieves) with DMAC. Table 3 reports the percentage distribution of PACs in the commercial cranberry extracts that were analyzed. In all samples, approximately 90% of PACs had molecular weights less than 30 kDa, and there were some differences between the extracts. In particular, in A1 and A3, the PACs were mainly distributed in the fractions 30-10, 10-3 and < 3 kDa, while in A2, more than 70% were present in the low molecular weight fraction, which was less than 3 kDa. In this regard, it must be emphasized that the solution behavior of PACs is subject to aggregation due to hydrogen bonding among PACs and with other molecules such as phenolics and carbohydrates. Thus, the molecular weight cut-offs of the used filters may not be an accurate indicator of the PAC molecular weight. In all samples, approximately 90% of PACs had molecular weights less than 30 kDa, and there were some differences between the extracts. In particular, in A1 and A3, the PACs were mainly distributed in the fractions 30-10, 10-3 and < 3 kDa, while in A2, more than 70% were present in the low molecular weight fraction, which was less than 3 kDa. In this regard, it must be emphasized that the solution behavior of PACs is subject to aggregation due to hydrogen bonding among PACs and with other molecules such as phenolics and carbohydrates. Thus, the molecular weight cut-offs of the used filters may not be an accurate indicator of the PAC molecular weight.
The composition of the analyzed extracts showed significant variations in terms of the relative amounts of different PACs as well as flavonols. Extract A2 differed from A1 and A3 with regard to the main monomer, CAT, rather than EC, and the main dimer. The lack of well-established cranberry constituents strongly suggests that A2 is not cranberry-derived, or is adulterated with another source of PACs [37] . Table 3 . PAC distribution in commercial cranberry extracts (A1-A3). The relative percentages of PACs were determined by DMAC assays after fractionation by molecular sieves. Values are reported as averages ± S.D. Thus, the standardization of cranberry extract should be carried out both by spectrophotometric assay and LC-MS analysis, leading to the determination of PACs and other flavonoids. Cranberry extracts used in clinical studies were poorly standardized, and this led to conflicting results and made it difficult to compare the outcomes. Our "multi-component" standardization could facilitate the interpretation of results from different clinical studies.
NMWL
Overall, the procedure developed to obtain fractions containing PACs with different molecular weights is reproducible and faster than those using open columns containing resins such as Sephadex LH-20 and subsequent chromatography with preparative HPLC [38] . Furthermore, the availability of molecular sieves with different cut-offs from those we used will allow others to obtain further fractions to better characterize the PACs of cranberry.
Materials and Methods
Chemicals and Materials
Standards of catechin (CAT), epicatechin (EC), myricetin-3-O-glucoside, quercetin-3-O-glucoside, quercetin, procyanidin C1 (PC1), and procyanidin A2 (PA2) were purchased from Extrasynthese (Genay, France). Methanol, acetonitrile, 4-dimethylammino-cinnamaldehyde (DMAC), and acetic acid were from Sigma-Aldrich (St. Louis, MO, USA). Amicon ultra-4 centrifugal filter units of 3, 10, 30, 50, and 100 nominal molecular weight limits (NMWL) were supplied from Merck Millipore (Milan, Italy). Water was from a Milli-Q apparatus (Millipore, Milford, CT, USA). Commercial dried cranberry extracts (A1, A2, and A3) were obtained from different manufacturers. Notably, A1 and A3 were obtained from an industrial producer of natural ingredients starting from whole berry. On the contrary, A2 was produced by a small company through a proprietary purification and concentration process starting from cranberry commercial extracts. Details regarding the plant origins and manufacturing processes of the extracts are not available.
Determination of Total Proanthocyanidins
Approximately 25 mg of the cranberry extracts were dissolved in 40 mL of a solution of acetone:water:acetic acid (75:24.5:0.5 v/v/v). The mixture was vortexed for 30 sec, sonicated for 10 min, and then the volume was adjusted to 50 mL by a solution of acetone:water:acetic acid (75:24.5:0.5 v/v/v). The extract was diluted 2-, 5-, 10-, 20-, and 50-fold for DMAC assays. For the calibration, a stock solution (1 mg/mL) of PA2 was prepared by dissolving 20 mg of the standard in 20 mL of methanol. This solution was subsequently diluted with a solution of acetone:water:acetic acid (75:24.5:0.5 v/v/v) to produce six working solutions in the range of 2-50 µg/mL. Total PAC was determined according to Prior et al. [34] , with slight variations. Briefly, an acidified ethanol solution was prepared by adding 12.5 mL of 37% HCl to 12.5 mL of deionized water and 75 mL of ethanol, and then 50 mg of DMAC reagent was dissolved in 50 mL of this solution immediately prior to use. Then 70 µL of sample or standard was added to 2.1 mL of DMAC solution, and the reaction was monitored at 640 nm every minute for 60 min by a Lambda 20 spectrophotometer (PerkinElmer, Waltham, MA, USA). The blanks were reagents and samples diluted in acidified ethanol. The assay was performed in triplicate, and the total percentages of the PACs, expressed as PA2 equivalents, were calculated as follows:
where A is the absorbance (AU), q is the intercept of the procyanidin A2 calibration curve (0.004), m is the slope of the PA2 calibration curve (0.024), V is the extraction volume (mL), D is the dilution factor, and W is the sample weight (mg).
Proanthocyanidin Determination by UHPLC-DAD-Orbitrap MS
Approximately 20 mg of cranberry extract were dissolved into 5 ml of a methanol:water (60:40, v/v) solution. The mixture was centrifuged at 500× g for 10 min, and the supernatant transferred to a 10 mL volumetric flask. The residue was washed with 4 mL of a methanol:water (60:40, v/v) solution, and the mixture was treated as described above. The resulting solutions were mixed, and water was added to adjust the volume. The solution was centrifuged at 1000× g for 2 min, and 5 µL was injected into the UHPLC system. The analysis was performed on an Acquity UHPLC system (Waters, Milford, MA, USA) coupled with an eLambda DAD (Waters) and a high-resolution Fourier Transform Orbitrap mass spectrometer, Exactive model (Thermo Scientific, Rodano, Italy), equipped with a HESI-II probe for ESI and a collision cell (HCD). The operative conditions were as follows: Spray voltage −3.0 kV, sheath gas flow rate 55 (arbitrary units), auxiliary gas flow rate 20 (arbitrary units), capillary temperature 350 • C, capillary voltage −60 V, tube lens −100 V, skimmer −26 V, and heater temperature 130 • C. A BEH Shield C 18 column (150 × 2.1 mm, 1.7 µm, Waters) maintained at 50 • C was used for the separation. The flow rate was 0.45 mL/min, and the eluents were 0.05% formic acid in water (A) and acetonitrile (B). The UHPLC separation was achieved by the following linear elution gradient: 5-35% of B for 10 min, which was then increased from 35-80% B for 10 min. The acquisition was made in the full-scan mode in the range (m/z) -100-2000 and 200-4000 u, using an isolation window of ±2 ppm. The AGC target, injection time, mass resolution, energy, and gas in the collision cell were 1 × 10 6 , 100 ms, 50 K, 60 V, and N 2 , respectively. The MS data were processed using Xcalibur software (Thermo Scientific). The peak identity was ascertained by evaluating the accurate mass, the fragments obtained in the collision cell, and the on-line UV spectra (200-450 nm).
Catechin, EC, PC1, and PA2 stock solutions (1 mg mL -1 ) were prepared in methanol and stored at −20 • C. Working solutions (n = 5) were prepared in the range of 0.2-20 µg/mL and stored at 4 • C. Analysis was carried out in duplicate. The amounts of the dimers and trimers that were not available as reference standard were estimated using the PA2 and PC1 calibration curve equations, respectively.
Proanthocyanidin Fractioning by Ultra-Centrifugal Filter
Approximately 100 mg of the cranberry extract was dissolved in 40 mL of a methanol:water (50:50, v/v) solution. The mixture was vortexed for 1 min, sonicated for 10 min, and then the volume of the clear solution was adjusted to 50 mL by a methanol:water (50:50, v/v) solution. The solutions were diluted and analyzed by DMAC assays to determine total PACs. Then 4 mL of the extract was loaded on a 100K NMWL filter, which was then centrifuged at 4000 × g until the solution was completely passed through the filter. Permeate was transferred to a 10 mL tube, and the volume was adjusted by methanol. The residue (retained) was dissolved in 4 mL of a methanol:water (50:50, v/v) solution, transferred to a 5 mL flask, and the volume was adjusted with methanol. Permeate (4 mL) was loaded on a 50K NMWL filter and treated as described above. The procedure was then repeated on 30, 10, and 3 K NMWL filters. Permeate and residue were analyzed by DMAC assay to determine total PACs and the 3K NMWL permeate was also analyzed by UHPLC-DAD-MS. The entire procedure is schematized in Figure 3. methanol. Permeate (4 mL) was loaded on a 50K NMWL filter and treated as described above. The procedure was then repeated on 30, 10, and 3 K NMWL filters. Permeate and residue were analyzed by DMAC assay to determine total PACs and the 3K NMWL permeate was also analyzed by UHPLC-DAD-MS. The entire procedure is schematized in Figure 3 . Figure 3 . Fractionation of the proanthocyanidins (PACs) by centrifugal filter devices. The extract solution was centrifuged at 4000× g by a centrifugal filter device containing an ultracel-PL PLHK 100 kDa regenerated cellulose membrane, which allowed the ultrafiltration into the lower chamber (permeate) of substances with MW < 100 kDa. Substances with MW > 100 kDa were collected in the upper chamber (retained). Permeate was then loaded on a 50 kDa filter and centrifuged at 4000 × g until the solution passed completely through the filter. The procedure was repeated on 30, 10, and 3 kDa filters. Permeates and retained fractions were analyzed by the DMAC assay, and the permeates less than 3 kDa were analyzed by UHPLC-DAD-HR MS.
Statistical Analysis
The statistical analysis was performed using Excel software. where DP was the polymerization degree, and A was the number of A-type bonds. The masses of C, H, and O were 12, 1.0078, and 15.9949, respectively.
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